Abstract. This study was designed to investigate the repair of point mutations in the low density lipoprotein receptor (ldlr) gene mediated by single-stranded oligonucleotides (SSos) in vivo. Mutations in the ldlr gene are known to be the prime cause of familial hypercholesterolemia (FH). SSOs result in sequence-specific alterations leading to the correction of mutations. in the present study, the ldlr gene with a nonsense mutation (c660x) was fused to a luciferase reporter gene (p660-ldlr-luc) and introduced into mouse liver by hydrodynamic gene transfer. These mice were then injected via the tail vein with different SSos complexed with polyethylenimine. Firefly luciferase activity present in hepatic cell lysate was measured to analyze repair efficiency. restriction fragment length polymorphism analysis and direct sequencing were performed to affirm that the LDLR mutation was corrected. The results indicate that the ldlr mutation was corrected in the liver in vivo only in the presence of antisense SSOs (anti-SSOs). Our findings provide initial evidence that the point mutation in p660-ldlr-luc can be corrected by anti-SSo targeted repair in vivo. This may be a potential strategy for the treatment of FH.
Introduction
More than 70% of circulating low density lipoproteins (ldls) are removed from the blood via hepatic ldl receptor (ldlr)-mediated endocytosis (1) . Mutations in the ldlr gene are the primary cause of familial hypercholesterolemia (FH) (2, 3) .
FH is characterized by high levels of serum ldl-cholesterol and advanced atherosclerosis, leading to coronary artery disease (4) . Pharmacotherapy, along with dietary modification, is generally helpful in patients with heterozygous FH, but may not be adequate for those with homozygous FH. For the latter group, ldl-apheresis (5, 6) and liver transplantation (7, 8) are recommended. However, ldl-apheresis is severely compromised by its limited availability, high cost and difficulties involving vascular access, while liver transplantation involves considerable risk and requires lifelong immunosuppressive therapy. The limitations of current treatment options for FH have a negative impact on the morbidity and mortality rate of this disease. Therefore, the need to develop more efficient and less risk-prone strategies has become not only necessary but urgent.
gene therapy has emerged as a promising alternative treatment option for FH. Based on the transplantation of autologous hepatocytes, liver-directed gene therapy with recombinant retroviruses carrying the ldlr gene has successfully countered LDLR deficiency in an animal FH model (9) . However, this particular technique has a main drawback: hepatocytes isolated from surgically resected tissue are difficult to expand in culture. Furthermore, viral vectors result in long-term hepatotoxicity (10) . recently, it was reported that a mdx 5cv point mutation mouse model with duchenne muscular dystrophy was corrected in vivo by small single-stranded oligonucleotide (SSo) directed gene repair (11) . The ideal strategy for treating genetic diseases is correcting dna mutations at their endogenous loci without disrupting other genomic sequences. The advantage of gene repair is that the corrected gene can be maintained, expressed and regulated as a normal endogenous gene (12) . a number of reports (13-16) show that SSos containing a single mismatch to the target DNA cause a sequence-specific alteration in mammalian cells and yeast. These data suggest that site-directed gene repair may be a potential strategy for treating FH, and prompted us to study the correction of point mutations in the ldlr gene employing a similar strategy in vivo.
To this end, we generated a mouse model in which ldlr cDNA carrying a nonsense mutation was fused to a firefly luciferase reporter gene and expressed specifically in the liver. different SSos complexed with polyethylenimine (Pei) (SSos/ Pei) were injected into the mice via the tail vein to correct the ldlr mutation. our data suggest that antisense SSos (antiSSOs) partially rescued the deficiency, thus providing novel evidence that anti-SSOs can be used for sequence-specific gene repair in the liver in vivo.
Materials and methods
Plasmid construction. The plasmids p660-ldlr-luc (660-ldlr representing the ldlr gene with a nonsense mutation; luc representing the firefly luciferase gene) and pWT-LDlr-luc (WT-ldlr representing the wild-type ldlr gene) are derived from the plasmids p660-ldlr-egFP (egFP representing the enhanced green fluorescence protein gene) and pWT-ldlr-egFP, respectively (kindly provided by Professor Thomas gryesten Jensen of the institute of Human genetics, university of aarhus), in which egFP was replaced by luc p660-ldlr-luc carrying a c→a transversion, creating a premature termination codon and a Hinfi site (Fig. 1) . The validity of these plasmids was verified by restriction digestion with Hinfi and direct sequencing.
Small single-stranded oligonucleotides. all SSos (invitrogen, Shanghai, P.r. china) were protected with four phosphorothioate linkages at the 5' and 3' ends, but fluorescein isothiocynate (FiTc) SSos (FiTc-SSos, the same sequence as anti-SSOs), were modified with 5' FITC and 3' phosphorothioate. anti-SSos targeting the non-transcribed strand contained a single mismatch to the target dna, whereas the control SSos (c-SSos) contained no mismatch. The anti-SSo and c-SSo sequences were 5'-ccagTaTcT gTgccTcccTgccccg-3' and 5'-ccagTaTcTgTgccT cccTgccccg-3', respectively.
Single-stranded oligonucleotide/polyethylenimine formation. Binary complex of GenEscort Ⅲ (biodegradable hyperbranched Pei, Wisegen Biotechnology corp., nanjing, P.r. china) and SSos were prepared (17) at a ratio of 6:1 Pei nitrogen/SSo phosphate (n/P=6). SSos and a corresponding amount of PEI solution were respectively diluted into 300 µl phosphate buffered saline (PBS) and incubated for 10 min at room temperature. Subsequently, the Pei solution was added to the SSo solution, vortexed and incubated for 10 min at room temperature to allow complex formation. immediately after incubation, SSos/Pei were rapidly injected into the mice via the tail vein, avoiding mixing with the blood flow.
Animals. Male icr mice (Shanghai Slac laboratory animal co. ltd., Shanghai, P.r. china) were 8-11 weeks of age with a body weight of 20-25 g when used for the experiments. Plasmids were diluted in sterile Ringer's solution (50 µg/ ml). pWT-ldlr-luc, p660-ldlr-luc and pegFP-n1 used as control solution (1.6-2 ml) were injected into the mice via the tail vein by hydrodynamic gene transfer (HgT) (18) (19) (20) (21) . Subsequently, the mice transferred with p660-ldlr-luc were randomly assigned into anti-SSo, c-SSo and Pei groups (n=6), and each group was injected with corresponding SSos/ PEI (1 µg/g) via the tail vein 12 h after the transfer of the plasmids. The mice were sacrificed 3 days after the injection of the plasmids, and tissue samples were excised immediately. experimental procedures were approved by the local legislation for ethics of experiments on animals.
Detection of plasmids delivered to mouse liver and sequence analysis. liver tissue (0.5 g) was mixed with 1.0 ml cell culture lysis reagent (Promega, Madison, Wi, uSa) and then incubated at 60˚C for 5 min, cooled to 40˚C and incubated with 10 µl of 10 mg/ml proteinase K for 2-3 h. Subsequently, the plasmids present in lysis were extracted with eZna plasmid Mini kit i (omega Bio-Tek inc., norcross, ga, uSa). The plasmids were subjected to polymerase chain reaction (Pcr) amplification with 5'-GGACAGATATCATCAACGAAG-3' and 5'-gccTTTcTTTaTgTTTTTggcg-3' primers, generating an 830-bp fragment. For restriction fragment length polymorphism (RFLP) assay, PCR products were purified and digested with HinfI to confirm the correction of point mutations within the ldlr gene. Sequence analysis was performed by invitrogen co. (Shanghai, P.r. china).
Detection of fluorescein isothiocynate-single-stranded oligo-
nucleotides in mouse liver. Mice were sacrificed 12 h after the injection of FITC-SSOs/PEI (1 µg/g). PBS was used as the control. Frozen liver sections were examined by fluorescence microscopy (BX51 + dP70 + iPP, olympus, Tokyo, Japan).
Luciferase assay. Tissues from mice were homogenized and lysed in cell culture lysis reagent (Promega). after a 15-min incubation at room temperature (19, 21 ) the lysed cells were collected and briefly centrifuged to remove cell debris. The firefly luciferase activity (FLA) present in 100 µl lysate was determined by the addition of 100 µl of luciferase assay reagent (Promega). after 2 sec of pre-incubation, the produced light was measured for 10 sec in a Td-20/20 luminometer (Turner designs, Sunnyvale, ca, uSa). Protein concentrations were determined using the Bca™ protein assay kit (Pierce co., or, uSa).
Statistical analysis. Data were analyzed for significant differences by the independent samples t-test. a p-value <0.05 was considered statistically significant. The tests were performed with SPSS version 10.0 for Windows (SPSS, inc.). all values are presented as the mean ± Sd.
Results
ldlr-luc plasmids were delivered to the liver. Since the removal of ldl depends mainly on the hepatic ldl receptor, the liver was selected as the targeted organ for this study. HgT has been demonstrated as an efficient method of gene delivery to the liver (18) (19) (20) 22) . Seventy two hours after the transfer of plasmids into mouse liver by HgT, we conducted Pcr coupled with rFlP (Pcr-rFlP) to determine whether the plasmids were delivered to mouse liver and whether the transfected p660-ldlr-luc were auto-corrected in vivo. an 830-bp fragment from mouse liver transfected with pWT-ldlr-luc or p660-LDLR-luc was amplified by a two-step PCR procedure.
The dna fragment was then digested with Hinfi. as shown in Fig. 2 , the dna fragments from the p660-ldlr-luc group were completely digested by Hinfi (lane 3), whereas these fragments from pWT-ldlr-luc group were not digested (lane 5).
On the other hand, no amplification product was detected in the mouse liver transfected with control plasmids (pegFP-n1) (lane 1). The results indicate that the plasmids were delivered to the mouse liver, and the point mutation in p660-ldlr-luc was not auto-corrected in the liver.
Expression of firefly luciferase in liver. once the plasmids were delivered to the mouse liver, we examined the expression of pWT-ldlr-luc and p660-ldlr-luc in the liver. To this end, Fla present in hepatocyte lysates was assayed. as shown in Fig. 3a, Expression of firefly luciferase in various organs. To affirm that the plasmids were specifically delivered to the mouse liver, samples from other organs (heart, lung, spleen and kidney) of the mice transfected with pWT-ldlr-luc were collected for luciferase assay. as shown in Fig. 3B , Fla present in heart, lung, spleen and kidney lysates was drastically lower than that present in the liver (p<0.001), which clearly indicates that HgT resulted in a highly liver-specific gene transfer. Furthermore, assaying Fla present in hepatocyte lysates is an effective method for estimating the correction efficiency of the point mutation in p660-ldlr-luc.
Liver uptake of fluorescein isothiocyanate-single-stranded oligonucleotides. Since the point mutation in p660-ldlr-luc in mouse liver cannot be auto-corrected (as described above), the delivery of SSos to mouse liver in vivo is a requirement for gene repair. accordingly, FiTc-SSos/Pei or PBS (used as a control) was injected into the mouse tail vein. A fluorescence assay was performed 12 h after injection to determine whether SSos/Pei were delivered to the mouse liver. as shown in Fig. 4 , there was homogeneously diffused fluorescence in both sections, representing spontaneous fluorescence from the mouse liver. The vivid dots in Fig. 4B were generated by s-SSos absorbed by the liver. These results indicate that FiTc-SSos/Pei were delivered to the mouse liver.
p660-LDLR-luc correction at the DNA level.
To determine whether the point mutation in p660-ldlr-luc in liver in vivo was corrected by SSos, we conducted both Pcr-rFlP and dna sequencing. as shown in Fig. 5a , the 830-bp dna fragment amplified from the pWT-LDLR-luc group was not digested by Hinfi (lane 2). Similarly, the same fragment amplified from the p660-LDLR-luc group followed by antiSSos injection was resistant to Hinfi digestion (lane 8; sample procured by two-step Pcr, Hinfi digestion, gel electrophoresis, recovery and purification, followed by two-step PCR and Hinfi digestion). This indicates that the point mutation in p660-ldlr-luc was corrected. in contrast, fragments from the p660-ldlr-luc group injected with c-SSos (lane 4) or Pei (lane 6) were digestable by Hinfi, suggesting that the correction by anti-SSOs was specific. The 830-bp DNA fragment from the corrected group was subjected to dna sequencing. as shown in Fig. 5B , an a→c transversion at p660-ldlr-luc Figure 2 . rFlP analysis of the 830-bp dna fragments. lanes 1, 3 and 5 are the Hinfi digestion patterns of the Pcr products generated from the mouse liver, transfected with control plasmid, p660-ldlr-luc and pWT-ldlr-luc, respectively. lanes 2, 4 and 6 are the Hinfi digestion patterns of the Pcr products generated from control plasmid, p660-ldlr-luc and pWT-ldlr-luc, respectively.
was detected. Together, these data clearly indicate that the targeted gene was corrected at the dna level in the presence of anti-SSos alone.
p660-LDLR-luc correction at the protein level.
To further affirm that the point mutation in p660-LDLR-luc in liver in vivo was corrected at the protein level, samples of mouse A B Figure 5 . evidence of p660-ldlr-luc correction at the dna level. (a) rFlP analysis of the 830-bp dna fragment. The fragments shown in lanes 1 and 2, lanes 3 and 4, and lanes 5 and 6 were generated from the pWT-ldlr-luc, c-SSo and Pei groups respectively. The fragments shown in lanes 7 and 8 were generated from the anti-SSo group. lanes 2, 4, 6 and 8 show Hinfi digestion patterns, while in lanes 1, 3, 5 and 7 Hinfi was undigested. The fragments shown in lanes 2, 4 and 6 were obtained by two-step Pcr and Hinfi digestion only. The sample in lane 8 was procured by two-step Pcr, Hinfi digestion, gel electrophoresis, recovery and purification, followed by two-step PCR and Hinfi digestion. (B) dna sequencing of the corrected dna fragments. a was transfected into c in the ldlr gene.
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liver treated with anti-SSos, c-SSos or Pei were collected for Fla assay. as shown in Fig. 6 , the Fla of the anti-SSo group (n=6; 60.51±10.26 light units/mg protein) was significantly higher than the Fla of the c-SSo group (n=6; 41.77±6.94 light units/mg protein; p<0.005) or the Fla of the Pei group (n=6; 32.55±9.66; p<0.001), though there was no difference between C-SSOs and PEI (p>0.05). However, the FLA of the anti-SSO group was significantly lower than the FLA of the pWT-ldlr-luc group (n=6; 549.93±106.2 light units/mg protein). Together, these results indicate that the mutation in p660-ldlr-luc was partially corrected by anti-SSos.
Discussion
FH is recognized as one of the diseases for which gene therapy shows promising potential (23) . However, there are significant shortcomings (e.g., toxicity, difficulty in expanding the primary hepatocyte in vitro) associated with gene augmentation strategy by retroviral vectors (23, 24) . Our studies based on liver-specific gene repair strategy mediated by SSOs provide for the first time an alternative option for the treatment of FH homozygotes. in the present study, the point mutation in p660-ldlr-luc was corrected in mouse liver in vivo by injecting anti-SSos into mice via the tail vein. rFlP analysis, dna sequencing and Fla assay showed that the correction occurred not only at the dna level, but also at the protein level. it has also been reported that the mdx 5cv point mutation mouse model with duchenne muscular dystrophy was corrected in vivo by SSos (11) . These data suggest that site-directed gene repair in vivo is a potential strategy for treating genetic diseases.
The efficiency of mutation correction induced by SSOs depends on SSo delivery and release/access to the target site. Liver Kupffer and endothelial cells possess specific binding sites for SSos (25) . Free phosphorothioate SSos are mainly distributed to the kidney and liver (26) , while SSos/Pei are mainly distributed to the liver and spleen (27) . The complexation of SSos with cationic lipids is not well suited for in vivo use (28) . Therefore, we selected Pei as the delivery agent. in our study, a fluorescence assay clearly indicated that SSOs/PEI were present in mouse liver 12 h after intravenous injection. robaczewska et al also demonstrated that SSos/Pei were found in the liver 24 h after intravenous injection in four out of four injected ducks (17) . These results indicate that Pei might be a potent system for the delivery of SSos to mouse liver. reliable and sensitive assays play a critical role in the measurement of gene correction frequency. The advantage of the firefly luciferase assay is that it is rapid, sensitive and quantitative. in the present study, pWT-ldlr-luc and p660-ldlr-luc were constructed and transferred into mouse liver by HgT, in which the firefly luciferase gene was used as a reporter gene for the expression of ldlr. our results clearly show that the plasmids were mainly delivered to the mouse liver and that the expression of the firefly luciferase gene was liver-specific. Expression of the firefly luciferase gene in p660-LDLR-luc was extremely low due to a nonsense mutation in the ldlr. However, expression of firefly luciferase was significantly elevated after the mice transfected with p660-ldlr-luc were treated with Anti-SSOs. The correction was further confirmed by rFlP analysis and dna sequencing. These results suggest that the transfer of p660-ldlr-luc into mouse liver in vivo using HgT can be used as a method for verifying whether point mutation can be corrected in the liver in vivo by SSos.
Two aspects of our results are noteworthy. First, in the p660-ldlr-luc group prior to anti-SSos treatment, a low level of Fla was detected (21.7±1.59 light units/mg protein); higher than that of the control plasmid group (p<0.001). However, RFLP analysis verified that p660-LDLR-luc was not corrected. This finding indicates that the expression of luciferase was deficient but not 100% blunted by the nonsense mutation in ldlr, which may be explained by the so-called ʻread-through' of premature stop codon. Stop codon recognition is a slow process (29) , and termination involves an active relationship between ribosome (rrna and protein), mrna, release factors and energy (30, 31) . The termination process may be hindered by steric hindrance, thereby triggering readthrough. The mechanisms of the induction of read-through observed in this study require elucidation by further investigation. We also see the need to avoid overestimation when correction efficiency is estimated based only on the expression of downstream marker genes. The second aspect of the present study worth noting is the practicability of targeted gene repair strategy. The correction efficiencies reported so far are all far lower than those required for clinical application. There were also no visible improvements using our system, although we did not calculate the actual efficiency. Methods by which the efficiency of targeted gene repair may be substantially elevated are therefore the crucial objective for further studies.
in conclusion, a mouse model with a point mutated ldlr gene was successfully established by HgT, and SSos carried by Pei corrected the point mutation in liver in vivo. The result is encouraging and further evaluation of this therapeutic strategy for the treatment of FH is warranted. Figure 6 . expression of p660-ldlr-luc was elevated by anti-SSos. Comparing the firefly luciferase activity (FLA) present in liver co-transfected with p660-ldlr-luc and anti-SSos or c-SSos showed that the Fla of the anti-SSo group was higher than that of c-SSo group (p<0.01).
